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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
TECHNICAL NOTE 4101

EFFECT OF LUBRICANT VISCOSITY ON ROLLING-CONTACT FATIGUE LIFE

By Thomas L. Carter

SUMMARY

A series of rolling-contact fatigue tests was conducted in & bench
rig developed at the NACA lewis laboratory. Four paraffin-base mineral
olls of varying viscosity (at atmospheric pressure) were used as lubri-
cants. Ball specimens were AISI M-1 tool steel (air melt). Test tem-
perature was 100° F, and a calculated Hertz compressive stress level of
725,000 psi was maintained.

A continuous trend toward longer life was observed with increasing
lubricant viscosity over the range studled (5 to 120 centistokes at
100° F). This trend holds &t any percentage of specimens failed. The
life scatter remained about constant at each viscosity level studied.

A plot of log of life at any survival level against log of lubri-
cant viscosity produces a reasonsbly straight line. This line indicates
that rolling-contact fatigue life is a function of approximastely the 0.2
power of lubricant viscosity.

INTRODUCTION

One of the primary considerations in developing a bearing capeble
of sustaining the high temperatures encountered in present and antici-
pated aircraft gas-turbine engines is the rolling-contact fatigue life
of the bearing elements. Aside from bearing design and loading, the
fatigue life is affected by the materials used in the bearing elements
and the substance used to provide lubrication.

During high-speed rolling contact, the lubricant, in addition to
reducing sliding friction and cooling the bearing, affects the pressure
distributlion in the contact zone through hydrodynasmic action. The
theoretical calculations of stress described in appendix A are for static
loading only. At high rolling speeds these may not be entirely correct.
A precise three-dimensional snalysis of this phenomenon would be very
camplicated, but & general discussion will illustrate the point.
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Figure 1(a) is a cross section of the contact zone and pressure dis~
tribution for a ball running without a lubricant. The integral of pres- v
sure and the contact area would be the total ball loading; thus, for a ’
glven load the meaximum pressure (i.e., compressive stress borne by the
ball) would depend on the size of the contact area. Figure 1(b) shows
how the presence of a lubricant extends the effective load-carrying area
and thus reduces the meximum pressure. The lubricant film ahead of the
ball must be reduced to the minimum film thickness 1n the contact zone.
For a given speed this requires a proportlional rate of shear in the lubri-
cant ghead of the ball to remove the excess fluid from the ball path.

The force necessary to maintain this rate of shear depends upon the vis-
cogity of the fluid. Thus & more viscous fluid would require a greater
shear force. §Since this shear force is resolved fram the pressure be-
tween the adjacent rolling-element surfaces, a portion of the ball load
is borne by that portion of the fluild which is outside of the contact
area that would exist if no lubricant were present. Thus the effective
contact area is increased and the maximum contact pressure is reduced.
For a given rolling speed the maximum pressure would decreese with in-
creasing lubricant viscoslty. Since life 1s inversely proportional to
the tenth power of maximum stress, the effect of lubricant viscosity in
high-gpeed rolling contact could be significant. A two-dimensional
mathematical anelysis of this effect is given in reference 1. *

ST19%

The literature available on this role of the lubricant in rolling-
contact fatigue is limited. In references 2 and 3 the test temperatures
are varied to vary the viscoslty. Metallurgicel trensformations in the
magterials are significant within the temperature range necessary to pro-
duce an adequate viscosity range (refs. 4 and 5). Any chemical reac-
tions at the contact surface and in the lubricant would be influenced by
temperature.

Reference 6 shows & linear increase in life with lubricant viscosity.
Though not stated, it appears that the lubricants are all paraffin-base
stocks and the tests were conducted at room tempersture. This is a more
controlled evaluation of the effect of lubricant viscosity on rolling-~
contact fatigue life, although the low scatter in 1life (2:1 or less) is
not cheracteristic of bearing-fatigue datea and may indicate overloading
and crushing of the balls.

Another method of verying viscosity is to use lubricants of dif-
ferent base stock. This also introduces variables other than normsl
(atmospheric pressure) viscosity such as préssure viscosity effects and
chemical reections in the lubricant. Normal viscosity is that viscosity
which 1ls measured by standard tests at atmospheric pressure. Viscosity
tends to increase significantly at the high pressure existing in bearing
lubricating £ilms (ref. 7). This effect is of varying degree in various «
base stocks. For this reason different base stocks may have different
effects on fatigue life even though the measured (normasl) viscosity is
constant.



4615

CB-1 back

NACA TN 4101 ' ) 3

The best method of observing the effects of lubricant viscosity on
rolling-contact fatigue life would probably be by use of a series of
fluids of the same base stock (i.e., same temperature and pressure vis-
cosity characteristics) but with a range of viscosity as measured at at-
mospheric pressure. All other test conditions could then remain con-
stant. The controlled variasble would thus be the normal -lubricaent
viscoelty.

With this objective in mind, & group of paraffin-basse mineral oils
was selected. Properties of this group of oils are given in table I.
Rolling-contact fatigue-life data were secured for each fluid under con-
sistent test conditions.

APPARATUS

Only brief descriptions of the apparatus and procedure are given
here. A more detalled presentation can be found in reference 8 and ap-
pendix A. Figure 2(a) is a cutaway view of the rolling-contact fatigue
spin rig. The test specimens were two balls revolving in a horizontal
plane on the bore surface of a hardened tool-steel cylinder (fig. 2(b)).
Air at pressures up to 100 pounds per square inch was introduced through
the nozzles to drive the balls at high orbital speeds. The loading on
the balls was that produced by centrifugal force, and the stress was
calculated according to the methods of reference 9. Approximately 15
milliliters per hour of lubricant were introduced in droplet form into
the drive alrstream between the guide plates. The fast-moving airstream
had an atomizer effect, and the lubricant was reduced to a fine mist that
adhered to surfaces to provide a lubricating film.

Orbital speed was measured by counting the pulses from & photoampli-
fier on an electronic tachometer. A hall or race fallure resulted in
increased vibration and hence in an increased signal from a velocity
pickup attached to the rig. This signal when amplified actusted s meter
relay which shut down the system.

Temperature was controlled by mixing heated air with the normal
drive-air supply. This heated drive air surrounded the test balls and
the inner surface of the race cylinder. The alr was then exhausted over
the outer surface of the race cylinder. The test temperature and temper-
ature control signal were taken from thermocouples on the top and bottom
of the race cylinder. A calibration showed that this temperature did
not deviate more than 2° from the temperature of the airstream surround-
ing the test balls.

All ball test specimens were from the same heat of AISI M-l sir-melt
tool steel and were a nominal l/Z-inch diameter. Nominal composition is
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given in table II., The running track on the balls was predetermined by
grinding two dismetrically opposed l/8-inch flats on the ball surface.
Because of the preferred moment of inertla produced, the balls would run
on & track which was the great circle perpendicular to the diameter termi-
nating at the ground flats. This procedure simplified preinspection and
permitted restarting of the balls when necessary. , Race cylinders were
ATST M-l vacuum-melt tool steel. The outside dimensions were 4.750 inches
dlameter and 3.000 inches long, and the bore diameters ranged from 3.310
to 3.550 inches.,

PROCEDURE

Before the test all race cylinders were given dimensional surfece
Tinish and hardness lnspections. All test balls were welghed and glven
a surface examination at a megnification of 60, A record was kept of
eny abnormalities in surface conditions at the rumning track. Prior to
inspection and use, test specimens were flushed and scrubbed with 100
percent ethyl alcochol and clean cheesecloth. During storage they were
protected by a corroslon-resistant oll film. Care was teken during rig
assembly not to scratch the running surfaces. The bore surface and test
balls were coated with lubricant during assembly.

The rig was brought up to operating speed as rapidly and smoothly
as possible. About 3 minutes were required for the hot alrstream to
heat the cylinder to the test temperature when running at 100° F. Speed,
air pressure, temperature, and vibration levels were recorded during the
test. Total rumning time wes recorded and converted into totel stress
cycles on the ball specimen. A post-test surface exumination at a mag-
nification of 60 was made to observe track conditions. Failure data
were plotted on Weibull paper, which is a plot of the log of the recipro-
cal of the portion of the sample surviving against the log of the stress
cycles to failure. Lines were fitted to these data by the least-squares.
method. The method of presenting the data 1s discussed in detail in
appendix B.

RESULTS AND DISCUSSION
Iife Data with Four Mineral Oils

The data produced in this program represent the effect of lubricant
viscosity on rolling-contact fatigue life. Four common paraffin-base
mineral oils with viscosities ranging from 5 to 119 centistokes at 100° F
were used. With these life data, rolling-contact fatigue life and lu-
bricant viscosity as measured at atmospheric pressure were correlated.

ST9%
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A Weibull plot is presented in figure 3(a) for AISI M-1 tool-steel
balls lubricated with 1005 mineral oil (5.1 centistokes) at an ambient
temperature of 100° F and a centrifugal-force loading that produced a
725,000-pel maximum Hertz compressive stress and a maximum shear stress
of 225,000 psi 0.009 inch below the rumming track. Plots for mineral
olls 1010 (10.3 centistokes), 3042 (24.2 centistokes), and 1065 (119.1
centistokes) at the seme test conditions are shown in figures 3(b), (c),
and (d), respectively. The life plots all have the same general ap-
pearance, but they shift toward the right (i.e., 1ife increases) with
increasing viscosity, while the slopes (i.e., scatter) remain sbout the
same.

The results of figures 3(a) to (d) are summarized in figure 3(e).
The shift toward longer rolling-contact fatigue life with increased nor-
mal (atmospheric pressure) viscosity of the lubricating fluid film is
eagily observed. This effect exists at any level of survivel (i.e.,
long or short lives). The life scatter (i.e., Weibull slope) is sbout
the same for all four curves; thus, the only significant change in ap-
pearance of the Weibull plot is the shift toward longer 1life as the lu-~
bricant viscosity is Increased.

Fatigue spalls for all four test groups were consistent in appearance
with each other and with spalls produced in the fatigue spin rig with
other fluid lubricants. They closely resembled fatigue fallures charac-
teristic of full~scale bearings, being limited in area and depth and
originating in subsurface shear cracking. A ball fatigue spall is com-
pared with one from a full-scale bearing inner race in figure 4. The
groups of balls in this investigatlon had the metallographic transforma-
tion in the subsurface gzone of maximum shear stress characteristic of
specimens subjected to rolling-contact stressing (ref. 4).

No significant conditions unique to this group of tests were ob-
served in the post-run surface examination. All balls had the charac-
teristic darkening of the running track observed with most fluid lubri-
cants and ATSI M-1 tool steel. Chemical activity resulting in corrosion
of the track surfaces did not appear to be present to any significant
degree.

The variable studied in this investigetion was the lubricating fluild
viscosity as measured by standard methods at atmospheric pressure. The
lubricant base stock and all test conditions remained consteant. The in-
creage in fetigue life with lubricent viscosity noted is consistent with
the effect reported in references 2, 3, and 6. However, test conditions
were not held constant 1In references 2 and 3, where temperature was
varied over a wide range to achieve the desired viscosity range. The
high ball loading of reference 6 did not produce any appreciable scatter;
hence there is questionable similarity of the test conditioms +to those
of a fuli-scale bearing where scatter is much higher.
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Since there 1s a continuous trend toward longer rolling-contact
fatigue life with increased lubricant viscosity wlthin the range studed
(5 to 120 centistokes), it is possible to plot a curve for this relation.
Figure 5 is & plot of the log of fatigue life (lO% and 509 failures)
against the log of viscosity. This plot is almost linear; straight lines
heve been drawn for 10- and S50-percent fallures by the least~sguares
method. These lines resolve with the following relation:

L = KB

where L 1s fatigue life in millions of stress cycles, and p is lubri-
cant viscosity in centistokes at 100° F. Then

10% fatigue life = 11.3u0+237

50% fatigue life = 245u0-167

These relations indicate that the rolling-contact fatigue life is & func-
tion of sbout the 0.2 power of lubrlcant viscosity. This is in contrast
to the results of references 2, 3, and 6, where the lifle is given a
linear relation to viscosity, although in all cases the rate of change

of 1life with viscosity is about the same over the 5- to 120-centistoke

range.

A more complex but more versatile equation can be fitted to the re-
sults for life agailnst lubricant viscosity from consideration of the
extreme-value theory. Since each fallure results from the weakest point
on the running track, all other polnts on the track are of necessity
stronger; thus the fatlgue lives observed are a series of extreme values
for all the infinitesimal areas of the rumnning tracks. An extreme-value
anslysls results in an equation of the form

_< 1X10-8 )(0.625+0.007,‘/E)

Q= 5+O.42;;u

where @Q dis the probebility of survivel. In this form the relation can
be used to calculate the life as & function of viscosity at any level of
survival, This curve is plotted for 10~ and 50-percent lives in figure
5. This form would, upon extrapolation, give a finite fatigue life at
zero viscosity where the simple power function would not. For this rea-
son it is considered to be a more reasonsble form of the life-viscoslty
function, although a greater range of vilscoslty would be needed to
establish 1t accurately at the low viscosity levels.

. GT9%
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Discussion

The results of this Investigation indicate that lubricant viscosity
has a significant effect on rolling-contact fatigue life. Since viscoslty
is greatly increased at the high pressures existing in besrings, the
pressure-viscosity and compressibility characteristics of the fluid may
also have a very significant influence on life. In this series of tests,
characteristics of the fluid were held constent by using the same base
stock in order to evaluste the effect of etmospheric pressure viscosity
(i.e., molecular weight) of the fluid, but a systematic evaluation of
the effect of base stock (i.e., pressure-viscosity characteristics) on
fatigue life 1s necessary in order to complete the evaluation of the ef-
fect of viscosity on rolling-contact fatigue life.

As with any measurement, the confidence in this dats is limited by
its statistical relisbility. With rolling-contact fatigue data the wide
scatter normally encountered necessltates large sample sizes in order to
establish accurately the relation of life ageinst percent survival in the
Weibull plot. At the same time, the expense and duration of each test
1limit the practical number of specimens that can be evaluated. Confidence
limits for the data in figure 3 were calculated by the method of Lieblein
(ref. 10) and are presented in figure 5. For the sample sizes of 15, 18,
12, and 19 balls used to produce figure 3, these confldence limits are
wide in relatlon to the range observed between the results for the differ-
ent viscosity fluids. However, if no effect due to lubricant viscosity
exists, the probability that the four 1life plots will fall in order of
ascending viscosity is only 1 in 24. This 1s s0 because each of the lines
was calculated by a least-squares best-fit technique so that they are
unbiased. Thus, the results in figure 5 have a 96-percent probablllity
not to have been caused by chance.

SUMMARY OF RESULTS

Rolling-contact fatigue studies were made in the rolling-contact
fatigue spin rig on 1/2-inch-diameter balls of AISI M-l air-melt tool
steel at a test temperature of 100° F and & maximum Hertz compressive
stress of 725,000 psi. A series of paraffin-base mineral oils ldentical
in all respects except viscoslty were used as lubricants. The results
of these studies are as follows:

1. A continuous trend toward longer rolling-contact fatigue life is
shown with increasing lubricant vliscosity throughout the range studied
(5 to 120 centistokes at 100° F). This trend holds at any percentaege of
failed specimens. Scatter remains about the same for all lubricants
observed.
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2. A plot of the log of life at aeny survival level against log of
lubricant viscosity produces a reasonably straight line. This line in-
dicates that fatigue 1life is a function of epproximately the 0.2 power
of lubricant viscosity.

Lewis Flight Propulsion Laboratory
Netional Advisory Committee for Aeronsutics
Cleveland, Ohio, August 13, 1857

S19%
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APPENDIX A

APPARATUS AND PROCEDURE
Test Rig

A cutaway view of the rolling-contact fatigue spin rig is shown in
figure 2(a). The test specimens are the two balls revolving in a hori-
zontal plane on the bore surface of & hardened tool-steel cylinder (fig.
2(b)). Air at pressures to 100 pounds per square inch is introduced
through the nozzles to drive the balls at high orbital speeds. The noz-
zle system and the cylinder are held in place by upper and lower cover
plates fastened by three removable bolts. The rig assembly is supported
from a rigid frame by three flexible cables. In order to keep external
constraint at a low value, the drive air is introduced into the rig
through a 6-foot-long flexible metal hose.

Operation. - The two test balls separate and maintain relative po-
sitions 1809 apart above the critical frequency. A detalled analysis of
the rig operation is glven in reference 8.

Loading. - The only loading on the balls is that produced by cen-
trifugal force. No contact is made with the ball test specimen except
by the race cylinder at the contact ellipse. The load can exceed 700
pounds for a l/z-inch steel ball revolving in a 3.5-inch-bore race cyl-
inder at an orbital speed of 30,000 rzm. At this speed a maximum Hertz
stress of approximately 750,000-psi compression will be developed at the
center of the contact ellipse.

The introduction of fluid lubricant was accomplished by introducing
droplets of the lubricant into the drive sirstream between the guide
plates (fig. 2(a)). The rotating airstream atomizes the droplets and
carries the lubricant to all surfaces. Lubricant flow rate is controlled
by regulating the pressure upstream of & long caplllary tube. The pres-
sure drop through the caplillary was sufficient to give excellent control
of the flow for small flow rates. The lubricant flow rate used in this
series of tests was spproximately 15 milliliters per hour.

Instrumentation. - Three instrumentation systems provide for speed
measurement and control, tempersture measurement and control, and fail-
ure detection and shutdown.

Orbital speed of the balls is measured by counting the pulses from
a photoamplifier on an electric tachometer. The pulses are generated
when the two test balls interrupt a light beam focused on the photocell.



10 : . NACA TN 4101

A voltage proportional to the frequency of the photocell cutput is fed
into a Swartwout Controller which automatically regulates the drive-air
pressure to malntain the desired orbital ball speed.

Temperature 1is measured with an iron-constantan thermocouple which
is in contact with the top of the race cylinder (fig. 2(a)). This is
the closest practical location of thermocouple with relation to the ball
running track. A calibration with a thermocouple in the airstream sur-
rounding the balls showed & variation of lessg than 2° of the test tem-
perature. It can be assumed that the race, balls, and surrounding air
are &ll maintained within a narrow temperature range. A second thermo~
couple contacting the cylinder top provides the signal for the automatic
temperature controller. This controller blends room-tempersture air
with air hested by a 25-kilowatt heater in the proportion necessary to
meintein the temperature of the drive-zir supply at the proper level for
the deslred test temperature. This drive air surrounds the test balls
and 1s then exhsusted over the outer surface of the race cylinders.

Fallures are detected by comparing the amplified signal from a ve-
locity vibration pickup (attached to the rig, see fig. 2(a)) with a
predetermined signal level present on & meter relay. The large vibra-
tion amplitude resulting from a ball or cylinder fatigue spall trips the M
meter reley and results in shutdown of the test and all instrumentation.

Air supply. - The drive air is dried to less than 30 percent rela- x
tive humidity and then filtered before being used ln the rigs. A pres-
sure of 125 pounds per square inch is maintained by a central centrif-
ugal compression system.

Test Specimens

Cylinderg. - The dimensions of the test cylinders are as follows:
outside diasmeter, 4.750 Inches; length, 3.00 inches; initial nominal in-
glde diameter, 3.250 inches increasing to 3.550 inches. The bore surface
finish was 2 to 3 microinches for all cylinders. Roundness of the bore
was held to 0.0001 inch and bore teper to a maximum of 00,0003 inch.
Hardness measurements were taken on the cylinder ends. ZFach cylinder
was uniform within 2 hardness numbers, although average hardness varied
from Rockwell C-60 to C-64 for different cylinders.

Between 10 and 15 tests may be run on & bore surface. The hore ls
then reground 0.080 inch larger and refinished. Thls new surface is
about 0.022 inch below the location of the maximum shear stress of the
previous tests, and so the effects of prior stressing are considered
negligible. ZFailure positions on one cylinder surface do not correlate .
with failure positions of the previous tests surface.

cTa¥
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Test lubricants. - The lubricants used were all paraffin-base min-
eral olls. The only difference among them was normal viscosity.
Normal viscosity is that viscosity which is measured by standard tests
at atmospheric pressure. Viscosity tends to increase significantly at
the high pressures existing in bearing lubricating films. This effect
is of varying degree in different base stocks. The lubricating-oil char-
acteristics for the fluids used is given in itsble I.

Test balls. - By teking advantage of the fact that a rotating body
free to adjust itself will rotate sbout the axis of maximum rotational
inertia, test balls may be modified so that they will rotate sbout any
fixed axis. The axis of rotation of each ball was preselected by grind-
ing two diametrically opposed l/8-inch flats. This facilitated prein-
spection of the running track and restarting of the surviving balls.

The axes were selected in a random manner in order to reduce the effect
of fiber-flow orientation previously reported in reference 1ll. All test
balls were air-melt AISI M-1 tool steel hardened to Rockwell C-62 to C-63.
Ball materiel is anslyzed in table II.

Procedure

Pretest inspection. - Cylinders were glven dimensional surface-
finish gnd hardness inspections. This was followed by & magnetic parti-
cle inspection for both cracks and large subsurface inclusions and a
visual inspection for deep scratches and other mechanical damage.

All test balls were welghed and given an inspection at & magnifica-
tion of 860. The presence of excesslve scratches or pitting, and any
cracks, laminations, or flat spots was noted in a permanent record.

Prior to inspection and use, test specimens were flushed and scrubbed
with 100 percent ethyl alcchol and clean cheesecloth. A very thin film
of grease was left on the ball surface by this procedure, but this was
congldered desirable to minimize corrosion and was not heavy enough to
impede surface inspection.

Agsembly of rig. - The rig and test specimens were cleaned and as-~
sembled with care to prevent scratching of the bore surface. The bore
surface and test balls were coated with lubricant. The test position in
the cylinder was set by loosening the collet (fig. 2(a)) and moving the
nozzle assembly and the test balls axiglly to the test station and then
retightening the collet. The rig was mounted in the support frame and
then leveled. O1il lines, air supply lines, thermocouples, and the vibra-
tion pickup were comnected. The final step was to check the salinement
of the light beam on the photocell.
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Starting and running procedure. - The rig was brought up to operat-
ing speed as rapidly and as smoothly as possible. The rig could then be
switched to automatic speed control or left on manuel control. On man-
ual control the rig speed must be corrected at intervals to compensate
for the speed increase due to run-in of the test specimens. Run-in is
raplid for the first few minutes, and it is practically complete after
the first 2 hours. Rig temperature reached equilibrium at the 100° F
test temperature in about 3 minutes. The control system automatically
maintained the desired temperature.

Speed, temperature, and oil flow were monitored regularly. Speed,
temperature, air pressure, and vibration levels were recorded at each
reading. The test was continued until & predetermined number of stress
cycles had been exceeded or until & ball or race faillure actuated the
meter relay which shut down the rig.

Stress calculations. - With ball weight, speed, and orbital radius
of rotation of the test balls known, the load can be calculated. The
stress developed in the contact area was calculated from the load and
specimen geometry by using the modified Hertz formulas given in refer-
ence 9.

Post-test inspection. -~ After failure or a predetermined number of
stress cycles, the ball running tracks were examined at & magnification
of 60 with a microscope. Any abnormalities which correlated with the
fatigue-1ife results were noted and followed up with & futher metallo-
grephic investligation. Specimens were mounted 1n Bakelite, ground to
the desired cross section, and polished and etched to reveal subsurface
metallographic structure. Some inspections of the running-trace sur-
faces were made after a polish with diemond dust to observe possible
corrosion pitting and its relation to crack formetion.

- ST9%
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APPENDIX B

PRESENTATTION OF BEARING FATIGUE DATA

A distribution function developed by Weibull fits the observed
scatter in the fatigue lives of rolling-contact bearings (ref. 12). Be-
cause of the usually small sample (about 30 bearings) involved, the data
camot relisbly be fitted into a frequency curve. Instead, the cumula-
tive form of the distribution is used. The cumulative distribution func-
tion (Weibull) is as follows:

log afiy - ar® (1)

where Q(L) is the fraction of the sample surviving the first L stress
cycles, and G and e are positive constants.

Special probability paper is used for figures 3 on which the Welbull
distribution becomes a straight line of slope e. The ordinate repre-
sents log-log 1/Q(L) but is graduated in terms of the fraction falled at
L stress cycles. A set of data is ordered according to life, and each
succeeding life is given & rank (statistical percentage) and is plotted
on Welbull paper. If the median rank is used, & line is drawn vhich
takes the general direction of the array of points and which splits the
array in half. A median rank is an estimate of the true rank in the
population that has an equal probabllity of being too large or too small.

A table of median-rank values for sample slizes up to 20 and formulas
for calculation of the median-rank values for any order position in any
sample size are given in reference 12.
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TABLE I. - LUBRICANT PROPERTIES®

Viscosity, centistokes Average Vis- Neutraliza-

Before After viscosity, cosity |tion number

centistokes |(index, Before! After

100° Fl210° ¥ 1000 F|210° F|1000 F|2100 F|BVErage

MIL-0-6081B-2, grade 1005

5.07| 1.68 | 5.13| 1.72 | 5.10| 1.70 | 104.5 | 0.05 |0.05

MIT-0-6081B-2, grade 1010

10.14| 2.49 | 10.37| 2.5¢ | 10.26| 2.52 | 73.2 | 0.05 [0.05

MII-I1-15016A-2, grade 3042

24.20| 4.51 | 24.26] 4.534J'24.23[ 4.54 | 114.0 | 0.05 |o.05

MIL-L-6082B, grade 1065

118.6 |11.94 |119.56[12.27 [119.1 [12.11 | 99.4 | 0.06 [0.06

8pdditives: All flulds had pour-point depressants and may
have had antifoam agents and oxidation inhibitors. Nonre
hed viscosity index improvers. No further details on addi-
tives are avallable, since this information is regarded as
proprietary by menufacturers. Specimens were bulk samples
taken from lubricant supply at begimming and end of test
run,

TABIE IT. - MATERTAT, ANATYSIS

c Si | Mn S P W Cr | V Mo

Nominal
ATST M-1
composition, % | 0.80/0.23]0.23|Min. |[Min. [1.50(4.00(1.00(8.00

Actual®
composition, % | 0.79/0.28|0.27|0.014{0.020|1.51{3.82|1.08{8.42

81atrobe heat, 13-801; air-melt ATSI M-1 tool steel.
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Filgure 2. - Rolling-contact fatigue spin rig.
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Figure 3. - Rolling-contact fatigue life of AIST M-1 tool-steel balls with verious lubricamte. Test temperature, -
100° F; maximm Hertz compressive stress, 725,000 pei. ©
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Pigure 3, - Continued. Rolling-contact fatigue life of AISI M-1 tool-steel balls with varicus lubri-
cants. Test temperature, 100° F; maximm Hertz compressive stress, 725,000 psi.
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Pigure 3. - Concluded. Rolling-conbact fatlgue life of AIST M-l tool-steel balls with veriops lubri-
cants, Test temperature, 100° F; msxdmm Hertz compressive stress, 725,000 psi.
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